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STUDY OF THE COLLISIONS OF METASTABLE ATOMS OF He/2 3 S/
WITH HELIUM AND NEON, AND OF Ne+ IONS WITH HELIUM

A. P. Kalinin and V. B. Leonas 1*

1. In recent years the investigation of collisions of meta-

stable He atoms with atoms of the noble gases has attracted a

large number of researchers. This is due, on the one hand, to

the important role of these collisions in processes in discharge

and ionospheric plasmas; on the other hand, these systems are of

high interest to the theory of atomic collisions, since the rela-

tive simplicity of the electronic structure opens up an approach

to nonempirical calculations of their energies and thus, to )

quantitative predictions of effects accompanying collisions.

This present study deals with the interaction of metastable

He atoms in the 23S state with helium and neon atoms in the free

state IS and aims at determining the trend of molecular terms of

these systems in the region of small distances of approachc;(most

of the preceding experimental studies were concerned with the

interaction at large distances -i ).

In the case of the system He*/2 S/ - He/1 1 S/ symmetry leads

to the initiation of two te~ms -- even /3 st/ and odd /3E/
-

I o

(Fig. 1), and the scattering pattern is the effective superposi-

tioning of the contributions of both states. Methodological

capabilities of the present experiment do not permit the extrac-

tion of information on the trend of individual terms from the /4

observable scattering pattern and therefore in the case of the

system He*/2 3 S/ - He/1 1 S/ the aim was to find the degree of

accuracy of the most reliable nonempirical calculations Z-27

* Numbers in the margin indicate pagination in the foreign text.
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of the terms 3 N (based on a comparison of predictions from

these calculated and measured scattering patterns.

-In -thes-e of the system He*-Ne, the goal was to determine

the trend of the term and to find the nature of its approxi-

mation toward the cut-off of the continuous spectrum correspond-

ing to the lowest terms 2 and 2n of the molecular ion /HeNe/;J

calculated in /-3_7. To verify the accuracy of these callculations,

an additional study was made of the scattering of a beam of Ne+

ions in helium and the pattern observed was comparedwwith the

pattern calculated on the basis of the theoretical potentials

given in the paper /-3 7. The poor agreement found indicates

the necessity of refining the energy calculations of the system

/HeNe/+.

II. A study of the scattering of a beam of He*/2 3 S/ with

energies E = 400, 600, 1200, and 2000 eV at small angles was

conducted on a stand shown in Fig. 2. Here: 1 is a Nirovskiy-

type ion source; 2 is a magnetic mass analyzer emitting ions

with the necessary mass; 3 is a charge-exchange chamber for

obtaining neutral particles from ions; 4 is a deflecting capaci-

tor in which the noncharge-exchanging ions are removed from the

primary beam; 5 is a scattering chamber with electromagnetic

valve 6 with which the scattering gas can be released alternately

into the scattering chamber or into the vacuum vessel; 7 is a

detector, which is shifted along an (arc'relatfive to the center

of the scattering chamber within the range of angles a= 1.10 - 3

to 4"10 - 2 rad. The charge-exchange chamber is an oven with

controllable wall temperature and thus, in addition to the gas

targets, the vapor of alkali metals can be used f,r charge-

exchange purposes.

A channel-type electronic multiplier (CEM) was used as the

particle detector; the CEM significantly improved the resolving /5

power of the recording of scattered particles through a reduc-

tion of the dimensions of the slits of the scattering chamber
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and the detector. The recording was carried out in the discrete

recording mode. It should be noted that the efficiency of record-

ing metastable particles at the beam energies used was close to

unity, while the efficiency of recording atoms deactivated to the

ground state at the energy of 600 eV will become equal to 0.8

Z§4_7 and this circumstance must be taken into account when

interpreting the experimental data. In the study of the scatter-

ing of Ne+ in He, the use of the deflecting capacitor made it

possible to measure the differential scattering of ions and to

preclude the effect of charge exchange. For He*-He, the flux

measured by the detector included both elastically scattered

particles, as well as particles scattered with transfer of exci-

tation.

The entrance slit of the scattering chamber determining beam

geometry was an opening with a diameter 9'f 0.1 mm. The distance

from the center of the scattering chamber to the detector was

212 mm. A diaphragm with an opening of 0.3 mm was placed in

front of the CEM entrance.

A calibration technique was used to determine the absolute

values of the differential cross-sections. Essentially, the

technique amounted to measuring, at the same gas pressure in the

scattering chamber, the flux of scattering particles for both

the system under study and the system whose absolute differential

cross-section is known or can be calculated on the basis of avail-

able reliable interaction potential data. This avoided the neces-

sity ofmeasuring the pressure in the scattering chamber.

To obtain a beam of He*/23S/ atoms, use was made of ]quasi-

resonant charge-exchange of He* ions in sodium vapor. Charge-

exchange in the vapor of alkali metals is a convenient and ef-

fective way of obtaining meta~stable atoms -/75, however in the

available studies on the determination of the total charge-exchange/6

cross-sections there is no information on the population of states

in the beam of charge-exchanging particles.
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This estimate can be made on the basis of theoretical calcu-

lations of the partial cross-sections of charge-.exchange in differ-

ent states given the condition of their adequate reliability.

Fig. 3 presents the results of calculations [6] of the partial

cross-sections for the charge-exchange of He + in Na vapor. From

the relative trend of the partial cross-section functions (the

accuracy of their determination should be regarded as identical)

it can be concluded thatt for the beam of He+ With E , 103 eV,

charge-exchange in sodium will lead to the predominant population

of the 23S level. The admixture of the 21 S state neglected in

the case of Na, as seen from these calculations, reaches about

50 percent for charge-exchange in Cs vapor and this factor casts

doubt on the homogeneity of the beams obtained by charge-exchange

in Cs.

In the paper [7] use was made specifically of Cs, and one of

the arguments for using Cs was the calculations made by Olson [8].

The reliability of the latter in our view is altogether inadequate

for the conclusions drawn in [7] concerning beam composition.

The quantity measured in the present experiments is the current

of scattered particles captured by the detector, deflected by the

angle a relative to the beam axis. The level of this current was

defined as the difference of the currents IM and Ip (I(a) = IM -XIp),

corresponding to the successive releases of the target gas into

the scattering chamber and (with constant mass volume flow) -- the

working volume (the value of , here is equal to the ratio of IM
to Ip for the detector position a = 0). The current I(a ) can be

associated with the differential scattering cross-section on the

basis of involving ahcharacteristic such as the efficiency of

detector collection of the scattered particles.

The collection efficiency or the apparatus function Fa (0),
whose numerical determination procedure is described in detail in

[9], enables us to write the following obvious relation:
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Here: a (o , E) is the differential cross-section, for scattering

in the laboratory system of coordinates, and B is a known constant

[9]. Eq. (1) is the basis for a quantitative comparison of the

measured currents with the currents calculated from the3idifferential

cross-section ( 0 ,E), which in turn is uniquely determined by

the nature of the interaction (by the potential V(r)) of the collid-

ing atoms. A typical appearance of the apparatus functions calcu-

lated for the geometrical conditions of the present study is shown

in Fig. 4 (the arrows denote the angular positions of the detec-

tor axis c).

III. Now let us examine the main relations used ih the cal-

culation of the differential scattering cross-sections.

The complex nature_ of tie terms of interaction of the systems

studied led to the necessity of using a quantum treatment of

scattering, according to which the cross-section in the center-

of-mass system o(x ) is associated with the scattering amplitude

f(x ), which in turn is the summation of the partial waves:

Here the symbols are the usual ones and coincide with those adopted

in [10]. To compute the phases n7i use was made of the high-

energy approximation (V(r) <<E), in accordance with which

... •.Pk[/t1UCF I .(3)

And in computing the integral (3), use was made of its approxima-

tion with the fast-converging series given in'[11]. Use of the

approximation bypassed the necessity of an analytical specifica-

tion of V(R) over the entire interval of approach states used.

For <  cr determined from the relation V( cr/k) E calculated

according to [3] the phases are deliberately incorrect; however /8

the smallness of the contribution to the sum of the partial waves



of .terms with ' < r

eV\ (in this case the

1.5 \ larger values of i

42.P0Si make it possible to

' - use the approxima-

tion of the random

.5" phases) ensured the-',,
7. good accuracy of the

n ,approximation. The

s R/interaction for the

systems He*-He and

--1 . Ne+-He is character-

ized by the presence

of two terms that are

-Ou degenerate for large

n. According to

[10], for He*-He the

Fig. 1. Potential curves of interaction total differential

of helium atoms in various states /-27 cross-section of

scattering aI is

equal to the sum of the differential cross-sections for elastic

scattering ay and the excitation-exchange ao and can be

written as (neglecting the contribution made by amplitudes for

the angles a(x)

where fu and fa are the scattering amplitudes in the Vu,8 poten-

tials.

The differential scattering cross-section of the Ne+ ions

in He due to the absence of interference can be represented as

'04) er*z + (5)

Eqs. (4) and (5) were used in the calculations of I(a) based on
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IV, Fig. 5, 6, and 7 pres

sent in reduced coordinates

R (I (a) a ) and T (a E) (equi-

valent to the usual functions
Sand ) with

solid lines the experimental

functions for the systems

He*-He, He*-Ne, and Ne -He for

all the beam energies used.

Fig. 2. Scheme of experimental The precision of the measure-
setup (see text for symbols) ments is indicated by the ver!ial

tical stroke marks (each of

the measured curves was measured notfewer than three times); thus,

these curves yield a trend based on averaged values of the cur-

rents I(a). Included with this primary experimental data is a

comparison of the calculated currents; the discussion of the com-

parison eisgiven below.

He*-He system. For the calculations of the total differen-

tial scattering cross-sections, use was made of the interaction )
potentials shown in Fig. 1 with a solid line and calculated in

[2]. A comparison of the reduced current k calculated on the /9

basis of these potentials (dashed line) with the measured values

is given in Fig. 5a. As can be seen from the figure, over the en-

tire interval of T values, a strong difference between the calcu-

lated and measured currents can be observed. Presented in this

same figure, with a dashed-dottline are the results of calcalating
1 + 1 +

the current for the even and odd terms V+ and 1 correspond-
1 1 u 9

ing to the system He/2 S/ - He/l S/, using the data on the terms

from [12],and [13]. The analogous difference observed precludes

the possiblity of accounting for this discrepancy by the inhomo-

geneity of beam composition. This discrepancy cannot be explained

either by the effect of perturbations caused by the inelastic

channel associated with the interaction 3E (or 1 ) -term

with rI (or I ) -term corresponding to the interaction of the
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He/2 3P, 1p/ - He

/1 S/ ,atoms. Allow-

ing for this channel

0 -He*(2S )+Ns' ' can only increase

0 the discrepancy

between the calculated

and the measured vaue

values of R in the

0T region T > 4.8. The

characteristic trend
3 +

of 3 of the

t adiabatic term is

caused by the growing

10 10 10 3 E eV -approach ) (non-

- -intersection) of the

terms corresponding
Fig. 3, Dependence of charge-exchange cross- to different /3,3

sections of He ions in Na, according to L-76  itd states of
excited states of

the helium atom.

In [14] it is concluded that the interaction of these terms leads

to their very str6ng mutual repulsion (greater splitting at the

point of approach) and a correspodiingly lower probabilities

of transition from one adiabatic curve to another. This result

is purely theoretical and its justification can be shown only by

direct experiment. These measurements also point to the converse

situation. They can be quantitatively explained only on the basis

of the assumption of the high ( - 1) transition probability,

that is, on the basis of bringing into the calculation of scat-

tering the aidiabatic trend of the 3 +term. The selection of

the diabatic Vi potential yielding the best agreement of the

measured and calculated currents (Fig. 5 b, circles) leads to

the curve shown in Fig. 1 with a dashed line and closely appro-

ximated by the function Y (r)m4/r--- (where r is in R, and V is

in eV).
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42

10~~50- 40'- rad

Fig. 4. Apparatus functionsfFa(e) for different

positions of detector a indicated by arrows

The agreement achieved here can be regarded as good, though it /10

should be noted that the measured curves are more monotonic than

the calculated curves (the latter preserve traces of oscillations

in the cross-sections). It can be assumed that a fuller agreement

of measurements and calculations will be achieved on the basis of

a calculation within the frame of reference of the approach of

three states (a3 cu J+, and or- in b 31/; however, these calcula-/

tions are justified only when there is a substantial improvement

in the resolution of the measurements of I(a ).

He*-Ne system. The closeness of the cutoff of the continuous

spectrum for the system He*-Ne opens up a theoretical possiblity

of observing the perturbations of the elastic scattering pattern

by transitions with the loss of an electron. The contribution

made by the perturbing channel was assumed by us to be detectable

upon converting the primary data I(a ) into c (0, E). In the

event of the smallness of the contribution made in the reduced
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coordinates p and T, the

measurements must fit on a

He'-e * single curve. This single
2 E=600oo eV. Ecurve was actually obtained

>- a
Sfor measurements with ener-

gies E = 400, 600, 1200,

" , -. - and 2000 eV (Fig. 6b) and
-5

2 "'-c' therefore it can be assumed

" ,/ that within the limits of

46 -- measurement error, the per-
24 46 6 T=:o E,rad eV turbing effect of the con-

He- e tinuous spectrum is absent.
4-360
rl4 b

b For single-channel (elastic)

o. scattering, Eqs. (2) and (3)

tolr " .' - give a method of calculating

* . -1200eV the cross-section based on

the assumed potential V(r).
q E60o eV Precisely by varying the

.. 24 T6 12 TE~ rad eV trend of the tabulated

V(r), the agreement of

Fig. 5. Comparison of experimental the measured and the calcu-

and calculated functions R(T) (see lated functions R(t) shown

text for symbols) in Fig. 6 a (with circles)text for symbols)

a. for theoretical potentials -, for E = 600 eV were obtained.

12, 137 The trend of the poten-

b. for the empirically found trend tial shown in Fig. 8 can also

of the 3Hg; term be approximated by the func-

tion V = 3.55/r . Also

presented in this same figure is the trend of 2n and 2Z terms of

the system Ne -He calculated in [31. From the figure it is clear

that the intersection of the 3X term with the cutoff of the contin-

uous spegtrum can occur only in the region of very strong approach

(r < 1 A), not attainable for the range of scattering angles

examined here., This last statement is valid only insofar as the /11
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calculations .J of the

terms 2 and 2H are

He*-Ne valid. To verify the

S, , 1 4. 2 a accuracy of these cal-

a culations, measurements

Ewere made of scattering
2 4o0000

E 40 in helium of a 400 eV

6= 40 CNe + beam. Fig. 7 pre-

1224 6 12 T , rad.eV sents the measured

0 -400 eV (solid line) curve of )
,6 + -600 eV

a4200eV b R(T) and the R(T) curve
a..2w0eV

calculated on the basis

of the theoretical poten

2 + entials given in [3].

From the figure it is

------ rclear that the cal-
06 2 84 42 r GE,rad*eV

culated function dif-

Fig. 6. Experimental functions R(T) for fers very strongly

from the experimental
the system He -Ne (a) and a single function

function and that this
P (r)(6) derived therefrom function and that this

discrepancy indicates

imprecision in the cal-

culations given in [8].

The monotonicity of 2 and 2H potentials does not permit deter-

mining their trend by combining the current calculated from the

varied potentials with the experimental current. In this case,

it is possible to restore only the effective term.

Conclusion

1. Measurements were made of the differential scattering

of the systems He*-He, He*-Ne, and Ne*-He.

2. The experimental functions obtained were compared with

the functions calculated from known literature data on the inter-

action potentials of the systems He*-He and Ne*-He. Discrepancies
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Ne -He E 00 ev -

(4 2 '"-E. eV-rad

Fig. 7. Comparison of experimental function R(T) and

R(T) calculated according to /-3J

were found and the methods of eliminating them are discussed.

3. The function of the potential energy corresponding to

the term 3 of the system He was found and its analytical
9 2

approximation was proposed.

4. For the system He*-Ne, the conversion of the experimental

functions I(a) into differential scattering cross-sections showed

the absence of interaction with the continuous spectrum in the

region of the approach distances investigated; the dependence

of V(r) for the system He*-Ne was found for the range of n values

from 0.7 to 2.5 .

The authors are grateful to V. N. Khromov, who participated in

making some of the measurements.
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Vev :'n

7

He*('5)-Ne

! •~3 R.

Fig. 8. Trend of the potential of the
system Ne-He found in the present study

and its approximation with the terms

2n , 2) of -31
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